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Abstract
In this study, bone mineral density (BMD) of normal (CON), ovariectomized (OVX) and partially
nephrectomized (NFR) rats was measured by 31P NMR spectroscopy; bone matrix density was
measured by 1H water- and fat-suppressed projection imaging (WASPI); and the extent of bone
mineralization (EBM) was obtained by the ratio of BMD/bone matrix density. The capability of these
MR methods to distinguish the bone composition of the CON, OVX and NFR groups was evaluated
against chemical analysis (gravimetry). For cortical bone specimens, BMD of the CON and OVX
groups was not significantly different; BMD of the NFR group was 22.1% (by 31P NMR) and 17.5%
(by gravimetry) lower than CON. For trabecular bone specimens, BMD of the OVX group was 40.5%
(by 31P NMR) and 24.6% (by gravimetry) lower than CON; BMD of the NFR group was 26.8%
(by 31P NMR) and 21.5% (by gravimetry) lower than CON. No significant change of cortical bone
matrix density between CON and OVX was observed by WASPI or gravimetry; NFR cortical bone
matrix density was 10.3% (by WASPI) and 13.9% (by gravimetry) lower than CON. OVX trabecular
bone matrix density was 38.0% (by WASPI) and 30.8% (by gravimetry) lower than CON, while no
significant change in NFR trabecular bone matrix density was observed by either method. The EBMs
of OVX cortical and trabecular specimens were slightly higher than CON but not significantly
different from CON. Importantly, EBMs of NFR cortical and trabecular specimens were 12.4% and
26.3% lower than CON by 31P NMR/WASPI, respectively; and 4.0% and 11.9% lower by
gravimetry. Histopathology showed evidence of osteoporosis in the OVX group and severe secondary
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hyperparathyroidism (renal osteodystrophy) in the NFR group. These results demonstrate that the
combined 31P NMR/WASPI method is capable of discerning the difference in EBM between animals
with osteoporosis and those with impaired bone mineralization.
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Introduction
According to the US Surgeon General’s report on “Bone Health and Osteoporosis” released
in 2004, there are roughly 10 million Americans over the age of 50 with osteoporosis.
Additionally, another 34 million have low bone mass or “osteopenia” of the hip, which puts
them at risk for osteoporosis, fracture, and the associated complications later in life [1].

Osteopenia is defined by the World Health Organization as having a bone mineral density
(BMD) score between 1.0 and 2.5 standard deviations below the BMD of a normal young adult,
and osteoporosis is defined as having a BMD lower than 2.5 standard deviations. In practice,
BMD is measured by X-ray-based bone densitometry methods, such as Dual Energy X-ray
Absorptiometry (DXA) and Quantitative and Peripheral X-ray Computed Tomography (QCT
and pQCT) [2–5]. However, in addition to osteoporosis, other metabolic bone diseases can
also result in low BMD [6–9].

In the case of osteoporosis, bone formation is not able to compensate for bone resorption,
leading to thinning and loss of connectivity in trabecular bone and deep resorption cavities in
cortical bone [10]. Studies and guidelines for diagnosis and management of osteoporosis have
shown that even though the amount of mineral per unit volume of bone substance (mineral
plus matrix) might not differ substantially from normal, the amount of mineral per unit volume
of bone tissue (bone substance, bone cells, marrow, blood vessels and other soft tissues) is
decreased. In other words, while the extent of mineralization (EBM) of osteoporotic bone may
be close to normal, BMD of osteoporotic bone tissue is definitely low [9,11].

In the case of impaired bone mineralization, the osteoid thickness is increased and
mineralization lag time is prolonged. Hence the amount of mineral per unit volume of bone
substance is lower, and the amount of mineral per unit volume of bone tissue also is decreased,
that is both the EBM and BMD are lower. The causes of impaired bone mineralization can be
inadequate nutritional supply of vitamin D, calcium or phosphorus; renal failure; or
interference of certain drugs with calcium and vitamin D metabolism [12].

The critical point is that measurement of BMD alone does not permit the physician to
distinguish osteoporosis from impaired bone mineralization, which could result in treatment
for the wrong condition.

At present, the best direct measurements of EBM are histomorphometric indices which can
only be obtained invasively by bone biopsy [13]. Although serum vitamin D measurements
can indicate that a mineralization defect is present, routine vitamin D blood testing frequently
fails to detect the condition and cannot serve as a quantitative measure of EBM. There is an
urgent need to develop new noninvasive methods that can measure not only BMD but bone
matrix as well, and provide physicians with information on bone mineralization.

The broad resonance lines and very short spin-spin relaxation times (T2) of the magnetic
resonance signals of bone substance (31P signal from mineral and 1H signal from organic bone
matrix) are the major obstacles for traditional MRI to image bone substance. New methods to
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overcome these obstacles have been developed recently. Ultrashort echo time (UTE) MRI has
been developed by Robson et al., Reichert et al., and Du et al. to image solid components of
human bone [14–16]. More recently, a radial projection pulse sequence with long-T2 soft tissue
suppression has been developed by Techawiboonwong and co-workers to image the solid-like
components of bone matrix [17]. Another approach to visualize short-T2 hard tissues, sweep
imaging with Fourier transformation (SWIFT), has been developed by Idiyatullin and co-
workers, in which magnetic resonance time-domain signals are acquired during a swept RF
excitation in a timeshared manner [18]. Anumula, et al., first investigated hypomineralization
by 31P solid-state MRI [19], and later by 1H and 31P solid-state MRI [20].

Our group has been engaged in developing 31P solid-state magnetic resonance imaging (SMRI)
to visualize bone mineral [21–23], and quantitative water- and fat-suppressed proton projection
MRI (WASPI) to visualize solid bone matrix [24–26]. With these new methods, MRI
measurements of bone mineral and matrix density have become available. These two methods
emphasize a pair of key features that ensure the quantitative accuracy of the intensity of the
solid state signals: (a) the use of very short duration (~10 μs) hard RF excitation pulses that
uniformly excite large spectral bandwidths, and (b) minimal delay (also ~10 μs) between the
end of the RF pulse and the beginning of data acquisition. These constraints require that no
magnetic field gradient is switched in the interval from the start of the RF pulse to the end of
data acquisition. Therefore, when imaging is performed the excitation pulse is applied during
a constant amplitude gradient pulse, and the image is reconstructed from free induction decays
(FIDs) [22].

The purpose of this study is to assess the validity of 31P measurement of bone mineral content
and 1H measurement of bone matrix content in rat models of reduced total bone density and
reduced mineralization by comparison with gravimetric analysis. Because the size of rat bone
specimens is small enough to be placed well within the effective volume of the MRI coil, single
pulse 31P spectroscopy was utilized to measure the total mineral content. WASPI 1H solid state
MRI was used to measure the matrix content. Reduced total bone was obtained with the
ovariectomized (OVX) rat model, which has been widely used to study the effects of
menopause on bone mass, trabecular microstructure, and fracture risk and to model human
osteoporosis [27–35]. Reduced mineralization is achieved with the partially nephrectomized
(NFR) rat model, which has been used to study the effects of renal osteodystrophy on bone
metabolism [36–42].

Materials and methods
Animal model and specimen preparation

Thirty mature female Sprague Dawley (SD) rats (250–275 g, ~15 weeks old) were obtained
from Charles River Laboratories (Charles River, Charlestown, MA, USA) and were divided
into three equally sized groups: the animals in the control group (CON) were not subjected to
any surgical or dietary interventions. The OVX group underwent bilateral ovariectomy at the
animal supplier’s facility 1 week prior to arrival in the laboratory to induce a state of low bone
mass and micro-architectural deterioration. The NFR group underwent 5/6 nephrectomy at the
animal supplier’s facility one week prior to arrival in the laboratory. Additionally, on arrival
in the laboratory the NFR animals were placed on a modified diet containing 0.6% Ca and
1.2% P for the duration of the experiment. Normal rodent diet contains 1.35% Ca and 1.04%
P. These two conditions to which the NFR animals were subjected induce renal osteodystrophy
and severe secondary hyperparathyroidism. The animals were euthanized via CO2 inhalation
8, 10 and 12 weeks after arriving at the laboratory for CON, OVX and NFR groups respectively,
and one femur (selected at random) per animal was used for the study.
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After dissection and cleaning of all adherent soft tissues, a mid-diaphyseal (cortical bone only)
and a distal metaphyseal (trabecular + cortical bone) segment was cut from each femur
perpendicular to the anatomical axis between two parallel diamond wafering blades on a low-
speed saw (Isomet, Buehler Corporation, Lake Bluff, IL, USA) under copious irrigation. The
cortical midshaft segments (height 5.99 ± 0.28 mm, diameter 3.64 ± 0.24 mm) were cut to
maintain an approximate 2:1 height to diameter ratio, while the distal metaphyseal segments
(height 6.22 ± 0.73 mm, diameter 4.84 ± 0.41 mm), with the thin cortex shaved off, were cut
immediately above the growth plate to include the distal metaphyseal trabecular structure. The
metaphyseal cortex was shaved off under an established protocol, detailed elsewhere [43],
using diamond wafering blades and optical magnification.

The study protocol was approved by Beth Israel Deaconess Medical Center’s Institutional
Animal Care and Use Committee (IACUC), and carried out in the Center for Advanced
Orthopaedic Studies, Department of Orthopaedic Surgery, Beth Israel Deaconess Medical
Center, Boston.

NMR and MRI measurements
NMR and MRI data were obtained with a Bruker 4.7 T 33 cm bore scanner equipped with a
400 mT/m gradient system (Bruker Biospin, Billerica, MA, USA) and a home-made RF probe
with a 15 mm ID solenoid coil at room temperature. The 1H and 31P Larmor frequencies were
200.13 and 81.1 MHz respectively.

Spin-lattice relaxation time measurements
Proton and phosphorus T1 measurements were carried out using a series of progressive-
saturation experiments. For proton measurements, the projection gradient was applied only in
the z-direction, resulting in a 1D WASPI to ensure that the signal arises from the components
of interest while reducing the total experiment time. Single pulse 31P spectroscopy of the entire
bone was performed for 31P T1 measurements. The signal was averaged over 128 scans for
proton and 1280 scans for 31P, and the experiment repetition time (TR) varied from 0.1 s to 10
s. The measured signal amplitudes M were fitted to the Ernst equation for the magnetization
M [44] using three fitting parameters M0, β, and T1

(1)

where M0 is the initial magnetization, and β is the excitation angle.

Bone matrix density measurement by WASPI
The water and fat suppressed proton projection MRI (WASPI) method has been described in
detail [24–26]. In this study, WASPI data was acquired under the following protocol. The water
and fat suppression pulses were 2–2.5 ms long, followed by an excitation RF pulse of 8 μs
duration (14°). The MR data were acquired under fixed 160 mT/m gradient magnitudes at a
sampling rate of 5 μs per complex point. The direction of the gradient varied from one
projection to the next. The total number of directions was 2934, which generated 30
independent pixels across the 18 mm FOV, resulting in an image resolution of 0.6 mm. The
receiver dead time was 10 μs. The experiment repetition time (TR) was 0.15 s and 16
acquisitions were averaged for each projection. A second data set was acquired with weaker
gradients (80 mT/m), fewer directions (20), and longer dwell time (10 μs) to recover the data
points lost in the receiver dead time, which corresponded to the data points close to the origin
of the k space [25]. The total measurement time was approximately 2 h including both the first
and the second sets of acquisitions.
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Three cylindrical pellets of 20% poly(ethylene oxide) (PEO)/80% poly(methyl methacrylate)
(PMMA) polymer blend powder (PEO from Sigma-Aldrich, St. Louis, MO, USA; PMMA
from Scientific Polymer Products Ontario, NY, USA) diluted with silicon dioxide (quartz sand,
40–100 mesh, Fisher Scientific, Waltham, MA, USA) were formed by uniaxial compression
in a hydraulic press (Carver, Wabash, IN, USA). The pellet densities were 1.17, 0.80, and 0.56
g of polymer per cubic centimmeter. The pellets served as a density calibration phantom
(denoted below as the “polymer phantom”). Bone marrow/fat, obtained from the long bones
of 2- to 3-month-old pigs (Animal Facility, Children’s Hospital, Boston, MA, USA) shortly
after sacrifice, was placed into small glass tubes to serve as a reference for water and fat
suppression (denoted below as the “marrow tube”).

A tube of aqueous MnSO4 (~10 mmol/L, T2~1 ms) was imaged to calibrate the 1H image
intensity over the measurement volume to compensate for spatial variations in the
radiofrequency field strength produced by the RF coil.

In the non-suppression MR images, the total number of voxels of the bone specimen represents
the total volume of bone tissue (TV) because bone tissue comprises the bone substance, marrow,
and other soft tissues which can all be seen in the non-suppression MRI. It should be noted
that the bone tissue volume TV of cortical bone specimens we measured from non-suppression
MRI does not include the volume of medullary cavity spaces, while the measured TV of
trabecular bone specimens includes the fluid-filled pores. The volume of the whole 3D image
in terms of real physical units (cubic centimeter) is (FOV)3. There are 643 voxels in that volume
(the image reconstruction matrix is 64*64*64), so each voxel represents a real physical volume
of (FOV/64)3. Bone voxels in the non-suppression MR image were identified by selecting all
voxels whose intensity was above a threshold, and the number of the selected voxels was
multiplied by the conversion factor: (FOV/64)3 to obtain the true TV volume in cm3.

In WASPI images, the soft tissue signals are suppressed and only the signals from solid bone
matrix (collagen, tightly bound water, and other immobile molecules) can be visualized. In
practice, the individual polymer phantom pellet was identified by selecting all voxels whose
intensity was at least 12 times the averaged background intensity. For each pellet i the WASPI
derived polymer phantom density Dcwi (in units of intensity per voxel) was determined by
dividing the sum of the voxel intensities by the total number of voxels in the pellet. A calibration
curve for each WASPI image was created by plotting Dcwi of pellet i vs. its physical mass
density Dcpi (the weight of the phantom/the volume of the phantom, in units of polymer
g.cm−3) for the three pellets, and fitting the three points with a linear regression. The bone
matrix image density of the specimen DBmW (in units of intensity per voxel) was determined
by dividing the sum of the WASPI voxel intensities by TV of the same specimen. DBmW was
converted to polymer equivalent mass density DBmP (in units of polymer g.cm−3) using the
linear regression parameters. By scanning each specimen with the polymer phantom and
computing the calibration for each image, scan to scan instability or small changes in the
scanner or pulse sequence settings do not corrupt the measurements. The polymer equivalent
mass density DBmP was then converted to true bone matrix mass density DWmaT (in units of
g.cm−3) by applying a conversion factor obtained from the comparison of these two densities
of bone samples in a previous WASPI/gravimetric analysis study [26]: the true bone matrix
mass density DWmaT = 0.45 DBmP (polymer equivalent mass density).

Bone mineral density measurement by 31P spectroscopy
Since the 31P MR signal of a well cleaned bone specimen arises overwhelmingly from the
mineral and the whole bone specimen was placed within the effective volume of the NMR coil,
imaging is not required to insure that the acquired 31P signal corresponds to the mineral content
of a certain volume of the bone specimen as long as the bone specimen volume is known.
Therefore single pulse 31P spectroscopy was used to measure the total mineral content of the
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whole specimen. A phosphorus intensity standard, a 4-mm diameter tube filled with 0.1407g
(7.644 ×10−4 mole) KPF6, was used to permit the conversion of signal intensity to mineral
content in grams. Each bone specimen was placed alongside the KPF6 tube and measured with
single pulse 31P spectroscopy (excitation pulse: β = 20°; TR: 1s). The 31P chemical shift of
KPF6 is about 150 ppm downfield from the PO4 resonance of bone mineral. The mineral and
KPF6 resonances do not overlap in the spectra. The true total bone mineral signal at infinite
TR was obtained by multiplying the measured signal with a correction factor F calculated from
the measured T1 value and the acquisition parameters,

(2)

The number of moles of phosphorus in bone mineral phosphorus was obtained by comparing
the T1 corrected bone signal with that of the KPF6, which was further converted to the total
mass of bone mineral by using the molecular mass of hydroxyapatite (HA). Finally, the bone
mineral density (gram of HA per cubic centimeter of bone tissue) was calculated as the mass
of bone mineral divided by the tissue volume TV.

Gravimetric analysis
A sonic agitator was used to remove the marrow and fat from the intramedullary canal and
pore spaces of each specimen. Residual marrow and surface water were removed using a
centrifuge (8000 G for 15 min). To determine the dry bone substance mass, each defatted and
dewatered specimen was placed in a tared porcelain crucible and dried in an oven at 75°C for
24 hours to remove all but the most tightly bound water and then weighed. To determine the
ash weight, each specimen was ashed in the same crucible at 600°C to burn off the organic
matrix. The specimen was weighed every 24 hours over a 96 hour interval until no change in
mass was observed. The tissue mineral density was calculated as the mass of ash divided by
the volume of bone tissue TV. The tissue matrix density was calculated as (dry bone mass –
ash mass)/TV.

Histology
Histologic evaluation of the morphologic differences in the bone specimens was performed.
Bone specimens were fixed in 10% buffered formaldehyde for 24 hours and then decalcified
for 3 hours using a 10 % hydrochloric acid solution. The decalcified specimens were rinsed in
a normal saline solution and submitted in individual cassettes for tissue processing and paraffin
embedding. The blocks were cut into 5 μm thick coronal sections using a microtome and
mounted on protein-coated glass slides. The slides were then stained with hematoxylin and
eosin (H&E), and microscopic evaluation was performed in a double-blinded fashion. Changes
in the appearance of cortical and cancellous bone and ossification patterns were studied.
Specifically, the morphologic composition of bone (cellular and organic components) and
evidence of bone remodeling (osteoclastic bone resorption, woven bone formation) were
assessed.

Statistical analysis
The bone mineral and matrix density data were assessed for normality using the Shapiro-Wilks
test. Statistical calculations were performed with SPSS 12 (SPSS Inc, Chicago, IL) and with
R 2.9.1 (http://www.r-project.org). Statistical comparisons between the test groups were
performed with the unpaired two-tailed t-test. All results were expressed as mean ± SD. A p
value less than 0.05 was considered statistically different.
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Results
The spin-lattice relaxation time T1 (1H of rat bone matrix, 1H of polymer blend, and 31P of rat
bone mineral, HA, KPF6) was measured and is listed in Table 1. The results show that the
proton T1 of the polymer blend was very similar to that of solid bone matrix. Based on the
T1 values and excitation angles, a TR of 0.15 s was chosen in the following WASPI
measurements of bone matrix. The correction factors F under these experimental conditions
were calculated using equation 2. The F values of the bone specimen and polymer phantom
was very close, with the difference being about 4% (Table 1). Therefore, no proton T1
correction was needed. The 31P T1 of the bone specimens were much longer than that of
KPF6, which serves as calibration reference. The correction factors F were calculated for each
group with TR = 1 s and flip angle β (Table 1). The long 31P T1 of bone mineral necessitated
correction for T1 effects using the correction factor F described in the Materials and methods
section.

Non-suppression MRI and WASPI experiments were performed on each bone specimen along
with the polymer calibration phantom and the marrow tube. Fig. 1 shows typical non-
suppression MRI and WASPI images of the calibration phantoms, and the trabecular and
cortical bone specimens. In non-suppression MRI (Fig. 1a, c, e), the liquid-state proton signal
(water and fat) from bone marrow dominates the image and both the marrow tube and bone
specimens are very bright. In the WASPI images, the marrow tube is invisible and the water
and fat signals from the bone marrow are suppressed to less than 4% in WASPI (Fig. 1b, d, f).
Due to the magnetic susceptibility discontinuity at the fluid-air interface, there is a substantial
field gradient present, and a thin superficial layer of marrow signal is not suppressed (Fig. 1b).
This susceptibility artifact is greatly alleviated in vivo where the bone is surrounded by soft
tissue. The WASPI signal of the rat bone (Fig. 1d, f) thus originates from solid bone matrix
(collagen, tightly bound water, and other immobile molecules).

In order to evaluate the accuracy of the bone tissue volume TV obtained by counting the total
voxel number in non-suppression MR images, three tubes of water with known volumes of
0.112, 0.056, and 0.015 cm3 measured by weighing the water was imaged by non-suppression
MRI (Fig. 2a). The total number of voxels above a threshold intensity were obtained for each
water tube. These numbers were converted to the volume in cubic centimeter by multiplying
by a factor (FOV/64)3. The volumes obtained were plotted against their known volumes and
displayed in Fig. 2b. A strong positive correlation (r2=0.9997) and a slope close to 1 indicate
that the volumes measured by non-suppression MRI are very close to the real volumes. The
errors of the volumes measured by non-suppression MRI are less than 5%.

The calibration curve that linked the polymer phantom image density obtained from the WASPI
image to the actual polymer mass density was obtained for each imaging experiment. WASPI
derived bone matrix image density values were converted to polymer equivalent mass density
(polymer g.cm−3) according to these regression relationships (Fig. 3). The true matrix densities
of the bone tissue were obtained as described in the Materials and methods section.

To test the quantitative accuracy of the 31P measurements, five HA phantoms with known HA
weights were measured using 31P spectroscopy. The results are shown in Table 2. The 31P
T1 of the reference KPF6 was 3 times longer than that of HA, resulting in a KPF6 correction
factor F 39% larger than that of HA (Table 1). Without T1 correction, significant errors were
observed; however, after T1 correction, the 31P NMR measurements proved to be very accurate
with errors within 5% (Table 2).

Fig. 4 shows the bone mineral densities measured by 31P NMR spectroscopy and gravimetric
analysis for the CON, OVX, and NFR groups. The mineral density values obtained by 31P
NMR were close to those obtained by gravimetric analysis, which proves the accuracy of
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these 31P NMR measurements. For cortical bone specimens, both 31P NMR measurements and
gravimetric analysis showed that the BMD of the OVX group was not different from that of
the CON group (p = 0.98 and 0.97 respectively), yet the BMD of the NFR was 22.1% (by 31P
NMR, p < 0.001) and 17.5% (by gravimetric analysis, p = 0.004) lower than that of the CON
group. The BMD of trabecular bone tissue was found to be about 40.5% lower in the OVX
group relative to the CON group (p < 0.001) by 31P NMR, and 24.6% lower (p = 0.04) by
gravimetric analysis. Decreased BMD was also found in the trabecular NFR group by
both 31P NMR (26.8% lower) and gravimetric analysis (21.5% lower) relative to the CON
group; the differences were significant (p < 0.001 by 31P NMR and p = 0.02 by gravimetric
analysis).

Fig. 5 shows the bone matrix densities measured by WASPI and gravimetric analysis for the
CON, OVX and NFR groups. No significant changes of cortical bone matrix density in the
OVX group were observed by either WASPI or gravimetric analysis relative to the CON group,
yet the cortical bone matrix densities in the NFR group were 13.9% lower than that of the CON
group by gravimetric analysis (p = 0.01) and 10.3% lower by WASPI (p = 0.06). On the
contrary, although the trabecular bone matrix density in the NFR group was 3.7% lower by
WASPI and 12.5% lower by gravimetric analysis relative to the CON group, the decreases are
not significant (p = 0.70 by WASPI and p = 0.07 by gravimetric analysis), yet the trabecular
bone matrix densities in the OVX group were 30.8% lower than that of the CON group by
gravimetric analysis (p=0.002) and 38.0% lower by WASPI (p = 0.001).

The extents of bone mineralization (EBMs) were calculated as the ratio of BMD to bone matrix
density from the above measurements (Fig. 6). Although the EBM values of the OVX
specimens are somewhat higher than those of the CON group, they are not significantly
different. On the contrary, EBMs of the cortical and trabecular specimens were found to be
about 12.4% and 26.3% lower in the NFR group relative to the CON group (p = 0.06 and p =
0.02) by MR, and 4.0% and 11.9% lower (p = 0.02 and p = 0.17) by gravimetric analysis.
Except for the last measurement, these differences are all statistically or marginally significant;
the p = 0.17 comparison is due to the large standard deviation in the trabecular NFR gravimetry
measurement.

Histopathology studies were performed on representative samples from each group after
WASPI. Microscopic evaluation revealed morphologic differences in the rat femoral diaphysis
bone specimens examined. The control specimen showed normal cortical and cancellous bone
with evidence of previous endochondral ossification. The ovariectomized specimen showed a
normal cortex with evidence of previous endochondral ossification. With microCT studies on
the OVX group, evidence of osteoporosis was found (published elsewhere) [45]. The partially
nephrectomized specimen showed evidence of marked osteoclastic activity with cortical
cutting cones and significantly resorbed trabeculae. Also present was abundant woven bone
formation deposited on the surfaces of the trabeculae and endosteum of the cortex and in the
cutting cones. Also noted are several calcospherules within fibrous tissue filling some of the
spaces where bone was previously resorbed. These morphologic findings are consistent with
severe secondary hyperparathyroidism (Fig. 7).

Discussion
The OVX rat model has been widely used to induce osteoporosis in rat bone. In this
study, 31P NMR spectroscopy showed significant decrease of both BMD and bone matrix
density in OVX trabecular bone, while the ratio of these two measurements remained similar
to that of the CON group, which strongly indicated the presence of osteoporosis: reduced bone
mass while the extent of bone mineralization is normal.
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The NFR model that has been reported in the literature would create renal insufficiency, disturb
the kidneys’ metabolic and excretory functions, and lead to renal osteodystrophy. In moderately
uremic animals, there appears a form called “mixed” renal osteodystrophy where impaired
mineralization is accompanied by a variable degree of osteitis fibrosa (high turnover lesions)
[46]. In this study, the histologic evidence showed mixed osteodystrophic lesions and
confirmed the presence of secondary hyperparathyroidism. 31P NMR/WASPI measurements
were in agreement with these observations: the EBM of both cortical and trabecular bone were
lower than that of the CON group, indicating that the bone tissue in the NFR group is under-
mineralized; cortical matrix densities in the NFR group were lower than that of the CON group,
indicating high turnover lesions. On the contrary, that there were no significant changes of
trabecular bone matrix density in the NFR group indicated that the resorbed bone spaces were
filled with osteoid.

The total tissue volume of a bone mainly consists of the extracellular calcified matrix (bone
substance) and the bone marrow that fills the porous spaces, but does not include the marrow
in medullary cavity spaces in cortical bone specimens. In this study, volumetric non-
suppression MRI was used to measure the bone tissue volume because non-suppression MRI
can capture both the liquid-state proton signal (water and fat) from bone marrow and the solid-
state signal from organic bone matrix. Furthermore, the liquid marrow signal of the bone
specimen dominates the non-suppression MR images resulting in high signal to noise ratio,
hence reducing measurement errors. The bone tissue volume measurement by non-suppression
MR involves counting the voxel numbers of the volumetric non-suppression MRI bone
specimen image. This method is prone to partial volume artifacts. However, this is a
comparative study of specimens with relatively similar sizes, and the partial volume artifacts
can be considered to be uniform across the study. Therefore, it can be assumed that the outcome
of the study is not significantly affected by partial volume effects.

Both 31P NMR and gravimetric analysis revealed no change in the bone mineral densities of
the cortical OVX group and a significant reduction (~23%) in the cortical NFR group.
Additionally, mechanical testing of the same OVX and NFR samples showed that the stiffness
of the cortical CON group was not different from that of the OVX group, yet it was 62% greater
than that of the NFR group. Similarly the yield load of the CON group was not different from
that of OVX group, but was 55% greater than that of the NFR group [45]. Since bone strength
depends on bone substance density as well as on the mineralization of the bone substance, it
is reasonable that this osteoporosis model, in which cortical bone substance density and
mineralization did not change significantly, results in only small changes in cortical strength,
whereas partial nephrectomy, in which there is a significant loss of mineral, results in reduced
cortical strength. In trabecular bone, which is metabolically more labile, both interventions
result in significant bone loss and reduced mineral. The observations of reduced mineral are
corroborated by μCT measurements of the same bone specimens [45].

WASPI measures the proton signals arising from the solid bone matrix, which includes a
portion of collagen protons, tightly bound water, and other motionally restricted molecules in
bone matrix but does not include fluid (spectrally resolvable) water and fat. The average
WASPI intensity within the bone profiles visualized on non-suppression MR images was
calibrated using polymer density reference phantoms and subsequently converted to true bone
matrix mass density, which correlates highly with traditionally accepted chemical analysis. As
a result, WASPI measurements generate the matrix density of bone tissue in g cm−3. The
gravimetric analysis measures the components of bone matrix pyrolyzed at 600°C (dry bone
mass – ash mass), which includes the collagen, noncollagenous proteins, and cellular material,
as well as tightly bound water that cannot be completely removed under milder drying
conditions, but does not include solvent extractable fat or water that is removable under mild
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drying conditions. Therefore, WASPI measurements parallel the gravimetric analyses in terms
of the chemical constituents measured.

Other laboratories [15–17] have specifically assigned the short-T2 signal from bone to “bone
water”, a term whose definition is highly dependent on the specifics of the method by which
it is measured. There is no proof at this time that the WASPI signal contains contributions from
the macromolecular content of matrix, as opposed to the signal coming exclusively from bone
water. However, it is critical to note that proteins in general, and collagen in particular, contain
backbone protons with a low degree of molecular motion (and therefore very short T2 unlikely
to be detected in WASPI), as well as side groups, many of which have much higher molecular
mobility (for example, arginine, asparagine, isoleucine, and leucine, all of which have multiple
single bonds permitting rapid side group reorientation), or which have ionizable OH or NH2
groups that can participate in proton chemical exchange [47,48]. In a series of articles the
laboratory of Torchia has demonstrated with NMR spectroscopy the great extent of motion of
collagen side chains leading to significant narrowing of resonances. For example, the 2H, 15N
and 19F side group resonances in intact labeled bone tissue harvested from animals raised on
isotopically labeled amino acids showed relatively narrow linewidths [49]. This motional
narrowing would readily render the corresponding collagen proton resonances visible with
WASPI and other techniques with similar short-T2 capabilities.

The extent of bone mineralization (EBM) is conventionally defined as the weight of bone
mineral in unit volume of bone matrix. A closely related definition of EBM is the ratio of bone
mineral density (BMD) divided by bone matrix density; this latter ratio can be directly
measured with 31P NMR and WASPI as was done in this study. Knowledge of EBM provides
important information on compositional changes in bone substance.

It is further noted that our mineral densities measured by 31P NMR and matrix densities
measured by WASPI are in good agreement with those obtained by gravimetric analysis, an
accepted gold-standard of quantitative measurements of bone mineral and matrix densities.
Currently WASPI is one of only a small number of methods that can measure the bone matrix
density in vivo noninvasively. 31P NMR spectroscopy is naturally suited to measuring mineral
content in specimens, which are of limited spatial extent and can be placed completely within
the RF coil [50]. Our results highlight the potential of 31P NMR and WASPI as a new
nondestructive means to quantify mineral and matrix densities in vitro, and potentially in
vivo, and hence compositional and nanostructural changes associated with metabolic bone
disease.
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Fig. 1.
Typical non-suppression MRI and WASPI images of rat bone specimens along with three
polymer phantoms and bone marrow in a glass tube. a, c, e) Non-suppression MR images. A
slice showing three polymer phantoms and bone marrow in a glass tube (a); A slice showing
a cortical bone specimen (b); A slice showing a trabecular bone specimen (e). b, d, f) WASPI
images corresponding to the subjects in a, c and e.
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Fig. 2.
Volume calibration using three tubes of water with known volumes of 0.112, 0.056, and 0.015
cm3, respectively. a) Non-suppression MR images of the three tubes. b) A volume calibration
curve plotted as the volumes of the water tubes obtained from the total voxel numbers of the
tubes above a threshold in non-suppression MRI vs. their known volumes.
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Fig. 3.
Process of obtaining bone matrix densities from WASPI experiments. Calibrations were
created by linear regression of the physical densities (Dcpi) of the three polymer calibration
pellets to their WASPI image densities (Dcwi). The arrows denote the process of obtaining the
polymer equivalent bone matrix densities (DBmP, expressed in terms of polymer g.cm−3) of
the rat bone specimens from their WASPI image densities (DBmW) using the linear regression
coefficients. a) Rat normal cortical bone specimen. b) Rat normal trabecular bone specimen.
The polymer equivalent bone matrix densities DBmP were then converted to true bone matrix
mass densities DWmaT (refer to the text).
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Fig. 4.
Bone mineral densities of the rat bone specimens from CON, OVX, and NFR groups measured
by 31P NMR spectroscopy and gravimetric analysis. Bars indicate mean ± SD. a) Cortical. b)
Trabecular.
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Fig. 5.
Bone matrix densities of the rat bone specimens from CON, OVX, and NFR groups measured
by WASPI and gravimetric analysis. Bars indicate mean ± SD. a) Cortical. b) Trabecular.
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Fig. 6.
The extents of bone mineralization (EBM), calculated as the ratios of bone mineral density to
bone matrix density, of the rat bone specimens from CON, OVX, and NFR groups. Bars
indicate mean ± SD. a) Cortical. b) Trabecular.
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Fig. 7.
Histology study of the rat bone samples from CON, OVX, and NFR groups.
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Table 2

Accuracy of 31P NMR spectroscopy measurement of mineral content using five HA phantoms with known mass.

HA known content (g)
HA content by 31P spectroscopy,

uncorrected (g) Error (%)
HA content by 31P spectroscopy, T1

corrected (g) Error (%)

0.4217 0.5450 29.23 0.4275 1.37

0.3583 0.4521 26.18 0.3546 −1.02

0.2760 0.3561 29.02 0.2793 1.20

0.2001 0.2675 33.70 0.2099 4.88

0.1629 0.2136 31.11 0.1675 2.85
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